In contrast, functions for type III effectors from plant pathogens remain poorly characterized. Recent gebacterial pathogens of animals, indicating structural conservation of these specialized chaperones, despite nome-wide analyses for proteins that might be substrates for the type III secretion system of the plant high sequence divergence. The AvrPphF ORF2 effector adopts a novel "mushroom"-like structure conpathogen Pseudomonas syringae pathovar tomato (Pst) DC3000 revealed ‫05ف‬ confirmed or predicted type III taining "head" specific host immune responses on genetically resistant
Figure 1. Stereoview of Experimental Electron Density for AvrPphF ORF1
The region highlighted is along the dimer interface mediated by ␣2 helices, and the two participating monomers are colored blue and red for clarity. The map shown is contoured at 0.8 using phases derived from multiple anomolous wavelength data at 3.0 Å resolution.
plants ( , despite low sequence similarity (% identity between hances pathogen growth and is thus a virulence factor. Conversely, on cultivars possessing the R1 resistance AvrPphF ORF1 and these four chaperones varies from ‫%51ف‬ for SicE and SigE to 8% for SicP and CesT). Like gene, such as Red Mexican, AvrPphF is recognized by the plant immune system and is therefore experimentally other type III chaperones, AvrPphF ORF1 adopts an ␣-␤-␤-␤-␣-␤-␤-␣ topology with a significant negatively defined as an avirulence factor.
The crystal structure of AvrPphF ORF1 confirms its charged electrostatic surface and two pairs of hydrophobic patches. In particular, the fold of SycE, the predicted role as a type III chaperone; in contrast, the structure of AvrPphF ORF2 is novel. The structure of chaperone of the Yersinia effector YopE, is virtually identical to that of AvrPphF ORF1 (Figure 2A ). One hundred AvrPphF ORF2 was used to identify surface residues required for both the virulence and avirulence functions and six C␣ residues of AvrPphF ORF1 and SycE can be superimposed with a root-mean-square deviation (rmsd) of AvrPphF. These results validate a structure-based effort to identify key functional features of P. syringae of 2.5 Å calculated using the DALI server (Holm and Sander, 1993). The structural similarity between AvrPphF type III effectors and highlight the importance of structural analyses to complement biochemical and genetic ORF1 and other type III chaperones suggests the preservation of common functions through structural consertechniques in order to maximize the deduction of functional information. Figure 2B ). The surface of the AvrPphF interpretation is supported by the fact that AvrPphF ORF1 is dimeric in solution based upon gel exclusion ORF1 dimer displays similar regions; however, the chemical nature of these patches is not as highly hydrophobic chromatography (data not shown). Like other dimeric type III chaperones, the ␣2 helix of AvrPphF ORF1 preas SycE and SicP. Interestingly, there are two distinct hydrophobic patches on the AvrPphF ORF1 homodimer dominantly contributes intermolecular interactions within the dimer (Figure 1) . Centered within the dimeric intersurface. The first hydrophobic patch is located near one end of the aforementioned putative helix binding face, Cys67 of the ␣2 helix forms an intermolecular disulfide bond. However, this cysteine is not conserved grooves and along the dimer interface, and includes a shallow depression containing the residues Pro83, among alleles of AvrPphF ORF1 and most likely is not critical for maintaining the dimeric form of AvrPphF Phe84, and Phe85 ( Figure 2B ), which are well conserved among AvrPphF ORF1 alleles ( Figure 2C ). The second ORF1 ( Figure 2C ).
Structural comparisons using the program DALI (Holm hydrophobic patch of AvrPphF ORF1 (patch 2) is formed by conserved residues Phe7, Pro21, Phe23, Tyr33, and and Sander, 1993) report highly significant Z scores of ‫21-01ف‬ between AvrPphF ORF1 and other type III chapPhe5 and is adjacent to the helix binding groove ( Figures  2B and 2C Figure 2B are highlighted with magenta circles. Buried surface area was calculated using the program NACCESS (Hubbard and Thornton, 1993) . Sequences used in the alignment are from P. syringae pv. phaseolicola (ORF1_Pph), P. syringae pv. glycinea (ORF1_Pgy [J.H.C., unpublished data]), P syringae pv. delphinii (ORF1_Pdp, GenBank accession number AAP23119.1), P. syringae pv. tomato strain DC3000 (ORF1_DC3000, AA054047.1), Yersinia pseudotuberculosis SycE (1L2W), and Salmonella typhimurium SicP (1JYO).
ORF1 dimer suggests a different mode of interaction
␤ sheets (␤1 and ␤6; ␤2 and ␤9/9Ј) supported by ␣2 than that observed for SicP/SptP and SycE/YopE. form the dome of the head. In addition, we note the conservation of Glu116 among Alleles of AvrPphF ORF2 have no significant sequence AvrPphF ORF1 alleles, which in SicP and SycE forms a similarity to other proteins (data not shown). However, salt bridge with a conserved arginine in the correspondthe head subdomain of AvrPphF ORF2 possesses weak ing virulence factors. This observation supports conserstructural similarity with the catalytic portion of a number vation of some specificity in chaperone/effector interacof ADP-ribosyltransferase (ADP-RT) toxins (Figure 4 ). tions.
For example, structural comparisons using the DALI server indicate the strongest structural similarity (Z score ϭ 4.3 over 79 C␣ atoms, rmsd of 2.9 Å , 10% The Structure of AvrPphF ORF2 Is Novel sequence identity) between the head subdomain and The structure of AvrPphF ORF2 (Figure 3 a groove in the head subdomain. We termed this "pocket could be involved in catalytic activities. Using these combined criteria, we mutated Ser90 in addition to Arg72 A." Pocket A possesses fourteen residues that are absolutely conserved between AvrPphF ORF2 alleles includand Asp174 in pocket A and also chose His97 and Glu98 for mutagenesis in pocket B. ing the exposed Arg72 and Asp174. On the opposite side of the protein, a second conserved surface is located at Wild-type and mutated versions of AvrPphF ORF2 were fused to a C-terminal HA-epitope tag, cloned into the interface between the head and stalk (pocket B). Conserved residues on these two surfaces are both hythe expression vector pDSK600 (Keen et al., 1988), and transformed into the RW60 strain of P. syringae pv. drophilic and hydrophobic. However, hydrophilic residues were favored for mutagenesis due to their role in phaseolicola (Pph). Pph RW60 is cured of the pAV511 plasmid that normally harbors the avrPphF ORF1 and hydrogen bonding and the higher probability that they (Figure 6C ). these bacteria was monitored on the susceptible Tendergreen bean cultivar. RW60 carrying the empty pDSK600
Many type III effectors from plant pathogenic bacteria are also the determinants recognized by the plant's imvector and expressing AvrPphF ORF1 grew approximately 20-fold over 2 days ( Figure 6A ). The presence of mune system (see Introduction). Therefore, we determined if amino acids important for the virulence function wild-type AvrPphF ORF2 in this strain increased pathogen growth by an additional ‫-01ف‬fold, reflecting the of AvrPphF ORF2 are also required for its ability to trigger a specific host disease resistance response. Growth AvrPphF ORF2 virulence function (Tsiamis et al., 2000) . Mutation of either Arg72 (R72A) or Asp174 (D174A) in of the Pph RW60 strains expressing wild-type and mutant AvrPphF ORF2 proteins was examined on the bean pocket A eliminated the virulence function of AvrPphF ORF2. Mutation of Ser90 (S90A) did not eliminate the cultivar Red Mexican, which expresses the R1 disease resistance gene ( Figure 6B ). Virulent Pph RW60 carrying virulence function, though slight losses in virulence were observed in some experiments (data not shown). Last, an empty pDSK600 vector and expressing AvrPphF ORF1 grew robustly over 3 days on this cultivar. Expresmutation of His97 (H97A) or Glu98 (E98A) had an intermediate effect, increasing pathogen growth by ‫-5ف‬fold sion of wild-type AvrPphF ORF2 significantly reduced the recently sequenced tomato Pst DC3000 genome tion of proper protein folding or favoring aggregation, contains homologs of both AvrPphF ORF1 and AvrPphF we expressed both mutant proteins in E. coli. We found ORF2 within the same operon. The DC3000 homolog that these proteins were soluble when prepared from ShcF, which shares ‫%05ف‬ identity in protein sequence E. coli cell extracts and that the resulting proteins were to AvrPphF ORF1 ( Figure 2C ), was designated a type III monomeric on gel filtration columns ( Figure 6D ). Furtherchaperone for the AvrPphF ORF2 homolog HopPtoF more, wild-type and mutant proteins yielded very similar prior to determination of the AvrPphF ORF1 structure circular dichroism spectra (Figure 6E) proposed that chaperones may contribute to effector activity of AvrPphF ORF2. We experimentally confirmed these predictions for two of these residues, Arg72 and secretion by maintaining them in partially unfolded, secretion-competent states (Stebbins and Galan, 2001 ).
Asp174. In addition, when these mutant proteins were purified upon expression in E. coli, they were soluble, Alternatively, it has been proposed that the three-dimensional structure of the chaperone/effector complex may monomeric, and had circular dichroism spectra identical to wild-type protein, indicating that these mutations did provide a translocation signal for secretion (Birtalan et  al., 2002) . Consistent with either scenario, and unlike not affect the solubility, aggregation state, or folding of AvrPphF ORF2. other chaperones such as Gro/EL and DnaK/Hsp70 protein families, type III chaperones are not believed to be Another structurally based criterion that was successful in predicting residues important for virulence activity involved in folding of the effector, since identical Rho-GAP activities are found for YopE alone or in complex was the identification of clusters of conserved amino acids with exposed side chains. Residues conserved with its chaperone SycE (Birtalan et al., 2002) . In addition, the E. coli effector Tir has an identical affinity for the among the AvrPphF ORF2 alleles clustered in two large cavities on the effector, which we identified as pocket intimin receptor alone and in complex with its chaperone CesT (Luo et al., 2001) The virulence function of type III effectors is thought to result from their activity on one or more host targets, which is not folded into the structure described previously. We have been able to demonstrate interaction altering host cell defense or physiology to favor survival of the pathogen. Correspondingly, mutations that disof AvrPphF ORF1 and ORF2 in vitro (data not shown) and can isolate such complexes on gel filtration columns. rupt a type III effector's ability to trigger specific plant immune response should also disrupt virulence funcStructure determination of these complexes will allow us to answer unresolved questions about the mechanism of tion. This mechanistic scenario also posits that the result of the type III effector's virulence activity is the signal interaction of this chaperone-effector pair.
The Crystals of AvrPphF ORF2 were also grown using vapor diffusion insertion of adenine was confirmed in the sequences of two indepenof a 1:1 mixture of protein (10 mg/ml) with well solution. However, dent PCR products generated using a proofreading enzyme. These two different conditions (well solutions) could be used, namely 16% data strongly indicated that the original sequence of AvrPphF ORF1 PEG8000, 150 mM Mg acetate, 80 mM Bis-Tris (pH 6.5), and 15% as deposited carries a sequencing error. For AvrPphF ORF2 cloning, glycerol, and 1.5 M (NH 4 ) 2 SO 4 , 2% PEG400, 80 mM HEPES (pH the reverse PCR primer incorporated an in-frame HA-epitope coding 7.5), and 20% glycerol. Crystals grown under either condition were sequence onto the C-terminal end of avrPphF, followed by a stop orthorhombic (P2 1 2 1 2 1 ) with similar cell dimensions (see below), difcodon and a BamHI site. The resulting PCR product was cloned fracted to as high as 2 Å resolution, and were of similar quality. into Topo pCR2.1 (Invitrogen) and sequenced. For AvrPphF ORF2, Both crystallization conditions are inherently cryoprotective. the sequence of two independent clones was identical to its NCBI database entry (AF231453). The AvrPphF-HA construct was then Structure Determination cloned as an XbaI-BamHI fragment into the pDSK600 vector.
For AvrPphF ORF1, diffraction data were collected at the SER-CAT beamline (ID-22; Advanced Photon Source) using a single crystal containing selenomethionine-substituted protein (Doublie, 1997). Protein Expression and Purification AvrPphF ORF1 and ORF2 in pProEX-HTa were induced with 0.75 Phases were determined using MAD. The program SOLVE (Terwilliger and Berendzen, 1999) was used to find 12 selenium atoms mM IPTG at 18ЊC for 10 hr in E. coli BL21 Codon Plus RIL cells (Stratagene). For selenomethionine substitution, protein expression in the asymmetric unit (3 per monomer, 2 chaperone dimers per asymmetric unit). Solvent-flattened maps calculated by DM (CCP4, was induced in the methionine auxotrophic E. coli strain B831 DE3 (Novagen) grown in 2 liters of minimal medium containing 100 mg 1994) were traced for one monomer using the program O (Jones and Kjeldgaard, 1997) followed by the application of noncrystallographic l Ϫ1 selenomethionine (Acros). Protein purification of AvrPphF ORF1 and AvrPphF ORF2 followed similar protocols. Cell pellets were symmetry to place the remaining monomers. Refinement was carried out with CNS while applying restrained 4-fold noncrystalloresuspended in buffer A (20 mM sodium phosphate [pH 7.5], 10 mM imidazole, 150 mM NaCl, and 10% glycerol) and lysed using an graphic symmetry (Brunger et al., 1998). In the final model, the final 2 residues are missing in all four molecules. The final model contains Avestin Emulsiflex-C5, and clarified lysates were added to 5 ml High Trap chelating columns (Amersham Biosciences) preloaded with 4276 atoms, including 1 sulfate ion per monomer and a Gly-Ala dipeptide cloning artifact at the N terminus of each monomer. Due nickel according to the manufacturer's instructions. Columns were washed with several volumes of buffer A augmented with 10-50 to the low resolution, no water molecules were included in the model (see Table 1 for X-ray data collection and refinement statistics). mM imidazole followed by specific elution of the histidine-tagged proteins with buffer A plus 400 mM imidazole. AvrPphF ORF2 proFor AvrPphF ORF2, data were collected on a Rigaku RU-H3R rotating anode generator equipped with Osmic confocal "blue" opteins (wild-type and mutant) were also expressed in E. coli and isolated as GST fusion proteins with a TEV cleavage site between tics, and diffraction intensities were recorded on an R-Axis IVϩϩ image plate system. The structure was solved by the solvent heavythe GST and cloned protein. Cell pellets in this case were resus-
